Drug-naive patients infected with drug-resistant human immunodeficiency virus type 1 (HIV-1) who initiate antiretroviral therapy show a shorter time to virologic failure than patients infected with wild-type (WT) viruses. Resistance-related HIV genotypes not commonly seen in treated patients, which likely result from reversion or loss of primary resistance mutations, have also been recognized in drug-naive persons. Little work has been done to characterize the patterns of mutations in these viruses and the frequency of occurrence, their association with phenotypic resistance, and their effect on fitness and evolution of resistance. Through the analysis of resistance mutations in 1082 newly diagnosed antiretroviral-naive persons from the United States, we found that 35 of 48 (72.9%) persons infected with HIV-1 containing thymidine analog mutations (TAMs) had viruses that lacked a primary mutation (T215Y/F, K70R, or Q151M). Of these viruses, 9 (25.7%) had only secondary TAMs (D67N, K219Q, M41L, or F77L), and all were found to be sensitive to zidovudine (AZT) and other drugs. To assess the impact of secondary TAMs on the evolution of AZT resistance, we generated recombinant viruses from cloned plasma-derived reverse transcriptase sequences. Two viruses had D67N, three had D67N and K219Q/E, and three were WT. Four site-directed mutants with D67N, K219Q, K219E, and D67N/K219Q were also made in HIV-1 HXB2 . In vitro selection of AZT resistance showed that viruses with D67N and/or K219Q/E acquired AZT resistance mutations more rapidly than WT viruses (36 days compared to 54 days; P ‫؍‬ 0.003). To investigate the factors associated with the rapid selection of AZT mutations in these viruses, we evaluated fitness differences among HXB2 WT and HXB2 D67N or HXB2 D67N/K219Q in the presence of AZT. Both HXB2 D67N/K219Q and HXB2 D67N were more fit than HXB2 WT in the presence of either low or high AZT concentrations, likely reflecting low-level resistance to AZT that is not detectable by phenotypic testing. In the absence of AZT, the fitness cost conferred by D67N or K219Q was modest. Our results demonstrate that viruses with unique patterns of TAMs, including D67N and/or K219Q/E, are commonly found among newly diagnosed persons and illustrate the expanding diversity of revertant viruses in this population. The modest fitness cost conferred by D67N and K219Q supports persistence of these mutants in the untreated population and highlights the potential for secondary transmission. The faster evolution of these mutants toward AZT resistance is consistent with the higher viral fitness in the presence of AZT and shows that these viruses are phenotypically different from WT HIV-1. Our study emphasizes the need for clinical studies to better define the impact of these mutants on treatment responses and evolution of resistance.
Treatment of human immunodeficiency virus type 1 (HIV-1)-infected persons with antiretroviral drugs, including reverse transcriptase (RT) and protease inhibitors, has significantly reduced the rate of HIV and AIDS-related mortality and morbidity. However, the emergence of HIV-1 variants with reduced drug susceptibility is an important cause of treatment failure and is associated with increased mortality (5, 25, 38) .
The widespread use of antiretroviral drugs has led to the transmission of drug-resistant HIV-1. Transmission of drugresistant viruses has been documented through vertical, sexual, and parenteral routes (4, 11, 26, 32) . Patients who are infected with drug-resistant HIV-1 and initiate antiretroviral therapy show poorer treatment responses than patients who are infected with wild-type (WT) viruses (17, 24) . A number of studies have shown that the prevalence of viruses with drug resistance mutations in acutely or recently infected persons varies between 10 and 20% (1, 3, 17, 23, 24, (34) (35) (36) .
The selection of resistance mutations during antiretroviral therapy is associated with a reduction in drug susceptibility and viral fitness (27) . Resistance-related mutations have been conventionally classified as primary or secondary based on their effect on drug susceptibility. While primary mutations reduce drug susceptibility, secondary mutations do not confer resistance by themselves but can enhance the replicative fitness and resistance levels of viruses with primary mutations (9) . Of the mutations selected by AZT, T215Y/F and K70R are generally considered primary, whereas D67N, L210W, or K219Q/E are considered secondary. Because many AZT resistance mutations can also be selected by stavudine (d4T) in vivo, another thymidine analog, they were more recently referred to as thymidine analog mutations (TAMs).
Despite the accumulation of secondary mutations, drug-resistant viruses generally display a reduced replication capacity compared to WT viruses (7, 9, 27) . Therefore, it was not unexpected to observe that transmitted drug-resistant mutants gradually lose resistance mutations that confer high fitness costs as they evolve to more fit viruses (2, 8, 37) . The factors affecting the rate of reversion of resistance mutations are not defined although characteristics of the infecting virus, including the number and type of resistance mutations, and the impact of such mutations on viral fitness may play a significant role (2, 8, 14, 16, 37) .
The first documented transmissions of drug-resistant HIV-1 involved viruses that were genotypically and phenotypically similar to clinical isolates observed in patients failing antiretroviral treatment. These viruses may contain primary and secondary RT and/or protease resistance mutations and show detectable resistance to one or more classes of drugs in phenotypic assays (4, 11, 18, 20, 34, 36) . More recently, a second type of mutants has been identified in drug-naive persons. These viruses typically carry revertants of primary resistance mutations that are not commonly found in clinical isolates. Such viruses include mutants containing the 215D or 215C mutations (8, 36, 37) . We previously found that these isolates are more frequent in recently diagnosed persons than AZTresistant viruses with the T215Y/F mutations (14) . Although phenotypically indistinguishable from WT HIV-1, viruses with 215C or 215D acquire the 215Y mutation in vitro more rapidly than WT viruses, likely reflecting the need for only one nucleotide change, compared to two for WT HIV-1 (13, 14) . Clinical studies also suggest that the presence of the 215D/C substitutions may be associated with an increased risk of virologic failure in antiretroviral-naive adults starting therapy with AZT or d4T (6, 33) .
The identification of revertant viruses with unique RT genotypes such as 215D or 215C in treatment-naive persons and the finding that the virologic and clinical implications of these viruses are different from those of WT viruses emphasize the need to identify viruses with other unusual resistance mutations and to understand their significance. In the present study, we investigated the patterns of TAMs observed in viruses from a large cohort of untreated persons newly diagnosed with HIV-1 infection. We show that a substantial proportion of viruses have uncommon patterns of TAMs with only secondary mutations such as D67N and K219Q/E. We demonstrate that viruses with D67N and/or K219Q/E have no detectable resistance to AZT but select K70R in vitro more rapidly than WT viruses. We relate the rapid selection of resistance to an increased replicative fitness in the presence of AZT. Our findings highlight the phenotypic differences between these viruses and WT HIV-1.
MATERIALS AND METHODS

Study population and mutations associated with resistance to thymidine analogs.
The study population comprises 1082 newly diagnosed HIV-1-infected persons consecutively enrolled in 1997 to 2001 from 39 selected HIV care clinics, HIV counseling and testing sites, and other clinical settings in 10 U.S. cities (35) . The prevalence of mutations associated with drug resistance was described re-cently (35) . All specimens for which informed consent was provided were also tested by using an HIV enzyme immunoassay (EIA) less sensitive than the standard HIV-1 EIA to identify persons infected within the past 12 months (Vironostika HIV-1 EI; BioMerieux, Inc., Raleigh, N.C.). K70R, Q151M, and T215Y/F were considered primary TAMs, and M41L, A62V, D67N, V75I, F77L, F116Y, L210W, and K219Q/E were considered secondary TAMs.
Cloning and sequence analysis of HIV-1 RT from patient-derived viruses. Full-length HIV-1 RT sequences from plasma of patients RD24, RD25, RD26, RD27, and RD28 were amplified by RT-nested PCR and cloned by using the TA cloning kit (Invitrogen). Briefly, HIV-1 RNA from plasma was extracted by using the NASBA RNA extraction kit (Organon). The RT reaction was done for 1 h at 42°C with primer RT2 as described previously (14) . After a first round of PCR amplification with primers AV150 and RT2, 4 l was subjected to a second round of amplification with primers IN3 and IN5. A 1,703-bp PCR product comprising the complete HIV-1 RT was gel purified (QIAquick Gel Extraction, Qiagen), sequenced, and ligated into the pCR2.1 vector. OneShot competent cells (TOP10FЈ) were then transformed, and RT sequences from single colonies were obtained. Plasmids containing the whole HIV-1 RT were purified from individual colonies (Qiagen plasmid purification kit) and used to generate recombinant viruses. For each patient, 6 to 10 RT clones were sequenced, and a representative RT clone was used to generate the recombinant viruses. For patient RD24, two different RT clones representing the two major species seen in plasma were used: RD24.1 that had the D67N mutation only and RD24.2 that had D67N and a K219E mutation seen in two of the seven RT clones sequenced (data not shown). The D67N and/or K219Q/E mutations were also introduced in the pHXB2RIP7based infectious clone pSUM9 (kindly provided by H. Mitsuya) by using the Quick-Change site-directed mutagenesis kit (Stratagene) as described previously (12) .
Generation and characterization of recombinant viruses. Cloned RT sequences from plasma HIV-1 were used to generate recombinant viruses with the RT-deleted HXB2-based proviral molecular clone pHIV⌬RTBstEII as previously described (12) . Six recombinant viruses were generated by using patient-derived RTs: RD24.1 D67N , RD24.2 D67N/K219E , RD25 D67N/K219Q , RD26 D67N/K219Q , RD27 D67N , and RD28 WT . Five additional recombinant viruses were generated by using RT sequences of HXB2, namely, HXB2 wt , HXB2 D67N , HXB2 D67N/ K219Q, HXB2 K219Q , and HXB2 K219E . The generation and characterization of an HXB2 mutant carrying the T215D mutation has been previously described (14) .
The 50% cell culture infectious dose in each virus stock was determined in MT-4 cells by the method of Reed and Muench (29) . Replication capacities of recombinant viruses were determined by monitoring p24 antigen production in MT-4 cells infected in duplicate at a multiplicity of infection (MOI) of 0.001 as previously described (14) .
Phenotypic analysis. Phenotypic resistance to nucleoside RT inhibitors (NRTIs) was determined by using either the PhenoSense HIV (Virologic, South San Francisco, Calif.) or the Antivirogram assays (Virco, Cambridge, United Kingdom) (19, 28) . Phenotypic resistance is determined by measuring fold increase in 50% inhibitory concentration (IC 50 ) values compared to a reference WT HIV-1 isolate (NL4-3 or HXB2). The results were interpreted on the basis of assay cutoff values established for each assay. Assay cutoff values for the PhenoSense HIV assay were 1.7-fold for didanosine (ddI), d4T, and zalcitabine (ddC), 2.2-fold for AZT, and 4.5-fold for abacavir. Assay cutoff values for the Antivirogram assay were 3-fold for d4T and abacavir, 3.5-fold for ddI and ddC, and 4-fold for AZT.
In vitro selection of AZT resistance. Selection of AZT resistance in recombinants HXB2 D67N , HXB2 D67N/K219Q , HXB2 K219Q , HXB2 K219E , RD24.1 D67N , RD24.2 D67N/K219E , RD25 D67N/K219Q , RD26 D67N/K219Q , RD27 D67N , RD23 a , and RD28 WT was done as previously reported (14) . Briefly, inocula of 1.5 ϫ 10 6 MT-4 cells were exposed to 1,500 50% cell culture infectious dose (MOI ϭ 0.001) of each virus for 2 h at 37°C. After two washes with phosphate-buffered saline, cells were resuspended in 10 ml of complete medium containing AZT at a concentration close to the IC 50 value of HXB2 wt determined by the MT-4/MTT assay (0.013 M). Cultures were then incubated at 37°C, and medium containing AZT was changed every 3 to 4 days as required. Virus production was monitored by microscopic assessment of syncytium formation through all of the culture. Once virus production was evident at a given concentration of drug, 500 l of clarified supernatant was added to 1.5 ϫ 10 6 fresh cells and cultured in the presence of a higher concentration of drug (twofold). Genotypic changes in HIV-1 RT were monitored by sequence analysis of the RT from culture supernatant in selected passages. The kinetics of selection of AZT resistance in viruses carrying 215D/C have been detailed elsewhere (14) .
Analysis of fitness differences between WT viruses and viruses carrying D67N, K219Q, D67N/K219Q, or T215D. Fitness differences between WT viruses and viruses with D67N, K219Q, D67N/K219Q, or T215D were determined both in the absence and in the presence of AZT by using a growth competition assay as previously described (14) . Briefly, a mixture of WT and mutant viruses was used to infect MT-4 cells at an MOI of 0.001. After two washes with phosphatebuffered saline, cells were resuspended in complete medium with or without AZT. For experiments done in the absence of AZT, a 100-l aliquot of the supernatant collected after 4 to 5 days of culture was used to reinfect a fresh aliquot of MT-4 cells. In experiments done in the presence of AZT, cells were diluted every 3 to 4 days in complete medium with AZT (0.06 or 0.24 M) until a full cytopathic effect was observed. Then, a 100-l aliquot was collected and used to reinfect a fresh aliquot of MT-4 cells. The relative proportion of the two competing variants was determined both at baseline and at each passage on the basis of the ratios of the specific mutations. Ratios were estimated on the basis of the relative peak heights seen in the electropherograms obtained by dye terminator sequencing. For mixtures of HIV-1 wt and HIV-1 D67N/K219Q , relative proportions were calculated based on the mean relative peak heights observed at positions 67 and 219 of the RT. Fitness differences were calculated by monitoring the changes in the relative proportion of the less-and the more-fit viruses over time as previously described (13) .
Sequence analysis of HIV-1 RT. Sequence analysis of HIV-1 RT (from nucleotides 2529 to 3333 of HXB2; amino acids 7 to 246) was done in an ABI377 automated sequencer with primers AV36, AV44, A35, and NE(1)35 (30) . The Vector NTI program (version 7) was used to analyze the data and to determine deduced amino acid sequences.
Statistical analysis. The time for selection of resistance mutations in WT viruses, viruses with D67N and/or K219Q/E, and viruses with 215D/C was compared by using the exact Wilcoxon two-sample test. The level of resistance conferred by K70R and T215F in different groups of viruses was also compared by using the Wilcoxon two-sample test. Statistical significance was defined by an exact one-sided P value of Ͻ0.05. All statistical analyses were performed by using the SAS system for Windows (version 8.01; SAS Institute, Inc., Cary, N.C.).
Nucleotide sequence accession numbers. The nucleotide sequences of all of the RT clones used to generate recombinant viruses (RD24.1, RD24.2, RD25, RD26, RD27, and RD28) have been deposited in the GenBank database (accession numbers AY461444 to AY461449).
RESULTS
Prevalence of viruses with secondary TAMs only and phenotypic susceptibility to drugs.
The prevalence of mutations associated with drug resistance in the study population was described recently (35) . The prevalence of all resistance mutations was 8.3%, whereas that of NRTIs was 6.4% (35) . Of the 48 isolates that had TAMs, 35 lacked a primary mutation (data not shown). Of these isolates, 9 (25.7%) had only secondary TAMs. Of the nine isolates that had only secondary TAMs, three had K219Q and D67N, two had D67N, three had M41L, and one had F77L. Table 1 shows the drug susceptibility results, indicating that all nine isolates with only secondary TAMs were sensitive to nucleoside analogs. Seven of the nine persons had reactive modified EIA test results, suggesting that the duration of infection in these patients was Ͼ12 months.
Impact of D67N and/or K219Q/E on the kinetics of emergence of AZT resistance in vitro. To investigate whether isolates that only have secondary TAMs might evolve rapidly toward AZT resistance, we compared the evolution of AZT resistance in vitro between WT viruses and viruses carrying D67N and/or K219Q/E. The impact of D67N and K219Q/E on the rate of acquisition of resistance was also evaluated in sitedirected mutants generated in the HXB2 genetic background.
Selection of AZT resistance mutations in the five WT viruses was seen after a median of 54 days in culture (range, 41 to 81 days) or an increase in the concentration of AZT of 33-fold (range, 16-to 100-fold) ( Table 2) . Of these viruses, one acquired K70R and T215F (RD22wt), one acquired K70R, D67N, and T215I (RD28wt), one acquired D67N and K70R (isolate RD23wt tested in two separate experiments; RD23a and RD23b), and one acquired D67N only (HXB2wt). Selection of AZT mutations in the nine viruses that had D67N and/or K219Q/E occurred faster than in WT viruses and was seen after a median of 36 days in culture (range, 19 to 60 days) or an increase in the concentration of AZT of 8-fold (range, 4to 100-fold) ( Table 3) . Of these viruses, six acquired K70R only, one acquired a K219G mutation followed by K70R (RD24.2), and two acquired K70R followed by D67N (HXB2 K219Q and HXB2 K219E ) ( Table 3 ). Figure 1 compares the kinetics of selection of AZT resistance mutations in viruses with D67N and/or K219Q with the kinetics of selection of 215Y that we observed previously in viruses with 215D/C (14) . Both viruses with D67N and/or K219Q and viruses with 215D/C acquired AZT mutations faster than WT viruses (P ϭ 0.003 and P ϭ 0.001, respectively; Fig. 1a ). Figure 1a also shows that viruses with 215D/C selected resistance mutations faster than viruses with D67N and/or K219Q (P ϭ 0.029). We also compared the concentration of AZT at which the first AZT resistance mutation was observed. Figure 1b shows that both viruses with D67N and/or K219Q and viruses with 215D/C acquired AZT resistance mutations at lower AZT concentrations than WT viruses (P ϭ 0.009 and P ϭ 0.001, respectively). However, such concentrations of AZT were similar among viruses D67N and/or K219Q/E and viruses with 215D/C (Fig. 1b) . Taken together, our results indicate that the comparative order of evolution toward AZT resistance among these three groups of viruses is as follows: HIV-1 215D/C Ն HIV-1 D67N, K219Q/E Ͼ HIV-1 WT .
Changes in AZT susceptibility associated with selection of a primary AZT resistance mutation in different RT backgrounds. We next compared changes in AZT susceptibility associated with the selection of a primary mutation in WT viruses (K70R and T215F) and in viruses with D67N and/or K219Q/E (K70R) (Fig. 2 ). Selection of K70R or T215F in WT viruses resulted in a 2.2-fold reduction (range, 1.2-to 3.2-fold) in AZT susceptibility compared to a 2.6-fold reduction (range, 1.4-to 8.3-fold) associated with the selection of K70R in all of the mutant viruses. This difference was not statistically significant (P ϭ 0.15). The levels of AZT resistance were also evaluated in specific groups of mutants. Figure 2 shows that selection of K70R in viruses carrying D67N, K219Q/E, or both D67N and K219Q/E resulted in similar levels of AZT resistance than selection of a primary mutation in WT viruses. However, there was a trend toward higher levels of resistance conferred by K70R in viruses that had both D67N and K219Q/E (median, 5.8-fold; range, 2.2-to 8.3-fold), although this difference was not statistically significant (P ϭ 0.057 compared to WT viruses).
The D67N and K219Q mutations confer a selective advantage in the presence of AZT. We next determined whether the rapid selection of AZT resistance mutations seen in isolates with D67N or D67N/K219Q was associated with an increased replication capacity in the presence of AZT. We evaluated the ability of HXB2-based mutants to outgrow WT HXB2 in competition experiments done in the presence of low (0.06 M) or high (0.24 M) concentrations of AZT. Figure 3 shows changes in the relative proportion of these viruses overtime. Viruses with D67N or D67N/K219Q both outgrew WT viruses in the presence of 0.06 and 0.24 M AZT, indicating that the D67N mutation alone or in combination with K219Q confers a selective advantage in the presence of AZT. The fitness differences between HXB2 D67N and HXB2 WT were calculated and found to be 19 and 52% for competition assays done with 0.06 and 0.24 M AZT, respectively. Similarly, fitness differences between HXB2 D67N/K219Q and HXB2 WT in the presence of 0.06 and 0.24 M AZT were 28 and 35%, respectively. These findings demonstrate that viruses with D67N alone or in combination with K219Q replicate more efficiently than WT viruses in the presence of AZT. We next evaluated whether the selective advantage conferred by D67N and K219Q in the presence of AZT was associated with low-level resistance to AZT. The IC 50 values for AZT seen in HXB2 D67N (0.009 M) and HXB2 D67N/K219Q (0.012 M) were only 1.3-and 1.7-fold higher than the IC 50 seen in HXB2 WT (0.007 M) (data not shown), indicating that the increased replication of HXB2 D67N and HXB2 D67N/K219Q in the presence of AZT is not associated with significant resistance to this drug.
Impact of D67N and/or K219Q/E on replication capacity and fitness in the absence of drug. We next evaluated the effect that D67N and K219Q/E have on virus replication and fitness in the absence of drug. The analysis is important for the understanding of the stability of these mutations. We first compared replication capacity between WT viruses and viruses carrying D67N, K219Q, K219E, or D67N/K219Q. Figure 4 shows the kinetics of p24 antigen production in acute infections done with HXB2 WT , HXB2 D67N , HXB2 K219Q , HXB2 K219E , and HXB2 D67N/K219Q . Viruses carrying D67N, K219Q/E, or D67N/K219Q replicated efficiently, with kinetics of p24 antigen production similar to that observed in HXB2 wt . These results indicate that, in the HXB2 genetic background, the D67N and/or K219Q/E mutations do not significantly affect replication capacity.
We next evaluated the impact of D67N and K219Q on viral fitness in the absence of drug. We mixed HXB2 WT with either HXB2 D67N or HXB2 K219Q and monitored the relative proportion of the two competing variants overtime. Figure 5 shows the kinetics of viral competitions seen in these mixtures. In mixtures of HXB2 WT with HXB2 D67N or HXB2 K219Q , the relative proportion of the mutant virus gradually decreased overtime, indicating that the D67N and K219Q mutations confer a fitness cost in the absence of drug. The fitness differences between WT viruses and viruses with D67N or K219Q were calculated and found to be 4.6 and 3.5%, respectively.
We next compared the fitness cost associated with D67N and K219Q with that of a mutant carrying the 215D mutation, which is known to persist in vivo for 1 to 3 years (8, 37) . Figure  5 shows that HXB2 WT was able to outgrow HXB2 215D in two competition experiments initiated with different proportions of the two competing variants (28% HXB2 wt and 72% HXB2 T215D or 80% HXB2 wt and 20% HXB2 T215D ). The fitness difference among these viruses was calculated in the two competition experiments and found to be 7.2 and 5.2%, respectively. These findings indicate that the fitness cost associated with the 215D mutation is similar to that associated with D67N or K219Q.
DISCUSSION
The identification among treatment-naive persons of revertant viruses with unusual mutations at codon 215 in the RT, and the finding that the virologic and clinical implications of these viruses are different from those of WT viruses led us to investigate the patterns of all TAMs in HIV-1 from drug-naive persons. We show in a large cohort of persons newly diagnosed with HIV-1 that the majority of viruses with TAMs lacked a primary mutation. We also found that a substantial proportion of these isolates had only secondary mutations such as D67N or K219Q. Our data demonstrate that new patterns of TAMs that are not commonly seen in clinical isolates from patients who fail treatment can be found in drug-naive persons. These findings heighten the importance of defining the impact of these mutations on drug susceptibility, fitness, and evolution of AZT resistance.
We show that patient-derived viruses containing D67N and/or K219Q replicate efficiently in the absence of drug, suggesting an ability of these viruses to persist in vivo. This finding is consistent with the detection of these mutations in patients with duration of infection longer than 12 months. The good replication capacity is further supported by the finding that the D67N and K219Q mutations conferred to HIV-1 HXB2 a modest fitness cost in the absence of drug. We found that the impact of these mutations on viral fitness was similar to that of 215D, a mutation previously shown to persist in vivo for 1 to 3 years (8, 37) . These findings support the stability and persistence of the D67N and K219Q mutations in vivo and highlight the potential for secondary transmission of these mutants, as was noted recently in a transmission chain of viruses containing 215D (31) . Our phenotypic analysis showed that all of the viruses that had only secondary TAMs have no detectable resistance to AZT and other drugs. However, a key finding of our study came from the in vitro selection with AZT. We showed that despite the absence of AZT resistance, viruses with D67N or D67N and K219Q/E acquired the K70R mutation more rapidly than WT viruses. Interestingly, the presence of D67N or D67N and K219Q/E had no impact on the resistance pathway for AZT since both mutants and WT viruses selected K70R rather than 215Y/F. However, the reduction of AZT susceptibility conferred by K70R was generally higher in the context of D67N and K219Q/E than in WT viruses. The faster evolution toward resistance and the tendency for a higher reduction in AZT susceptibility distinguish these viruses from WT HIV-1 and, therefore, raise clinical implications. However, data on whether D67N and K219Q/E reduce the efficacy of antiretroviral therapy are not available. Therefore, a close monitoring of treatment responses in patients infected with these viruses is prudent.
The preferential selection of K70R and not T215Y seen in all viruses may likely be explained by the number of mutations required for each amino acid change. In contrast to K70R, which requires one nucleotide change (AAA to AGA), acquisition of T215Y requires a two-base transversion (ACC to CAC) and may, therefore, occur at a lower frequency. Since 67N and 219Q/E are more strongly associated in clinical isolates with K70R than with T215Y, it is also possible that the presence of D67N and K219Q/E in our viruses may have played a role in favoring the selection of K70R over T215Y (15) . Interestingly, selection of AZT resistance in viruses with 215D/C occurs through acquisition of 215Y and not K70R, although both D/C215Y and K70R require a single nucleotide change (14) . The preferential selection of 215Y seen in viruses with 215D/C may likely be due to the higher levels of AZT resistance conferred by 215Y compared to K70R (22) . It is also likely that the selection of T215Y in some of these viruses may have been influenced by the presence of M41L and L210W, which are both associated clinically with T215Y and not K70R (15) . These findings illustrate how newly generated genetic backgrounds in revertant viruses can influence the selection of different drug resistance pathways that might be associated with variable clinical outcomes (10, 12) .
Although we found that D67N or D67N/K219Q confer a modest fitness cost in the absence of AZT, the opposite result was seen in the presence of AZT. We demonstrate that despite the absence of detectable AZT resistance D67N and D67N/ K219Q confer a fitness gain in the presence of AZT and that such fitness gain increases when the concentration of AZT is also increased. The ability of these mutants to consistently outgrow an isogenic WT virus in two different AZT concentrations suggests that both D67N and K219Q confer low-level resistance to AZT that was not detectable in the phenotypic assay used. The increased replicative fitness of the mutants in the presence of AZT is important because it may explain the rapid evolution of resistance seen in the selection experiments.
Because D67N and K219Q/E are commonly associated with other TAMs in clinical isolates, it is likely that the unique viruses containing these two mutations may have at some point originated from viruses that had additional resistance mutations. The loss or reversion of resistance mutations may have occurred over time in the absence of AZT in the persons we have identified. The finding that none of these persons was recently infected suggests that opportunities for loss or reversion of TAMs are possible. In these cases, the AZT-resistant mutants that originally infected these persons may remain archived (21) . Alternatively, the loss of resistance mutations could have occurred gradually in a different person (s) before these mutants were transmitted to our patients. Both possibilities have the potential to compromise the efficacy of antiretroviral therapy with AZT through either a rapid selection of K70R or by a selection of an archived AZT-resistant virus.
In summary, we show that viruses with secondary TAMs such as D67N and/or K219Q/E are commonly found in the absence of other mutations among newly diagnosed patients. These viruses do not show detectable resistance to AZT but evolve faster than WT viruses toward AZT resistance in the presence of AZT. The faster evolution toward AZT resistance may be related to the higher viral fitness observed in the presence of AZT and may reflect low-level resistance to AZT that is not detectable by phenotypic testing. The identification of these unique mutants highlights the expanding diversity of revertant viruses in the drug-naive population and emphasizes the need for clinical studies to better define their impact on treatment responses, transmissibility, and evolution of resistance. 
